Bacillus anthracis lethal toxin (LT) produces symptoms of anthrax in mice and induces rapid lysis of macrophages (M) derived from certain inbred strains. We used nine inbred strains and two inducible nitric oxide synthase (iNOS) knockout C57BL/6J strains polymorphic for the LT M sensitivity Kif1C locus to analyze the role of M sensitivity (to lysis) in LT-mediated cytokine responses and lethality. LT-mediated induction of cytokines KC, MCP-1/JE, MIP-2, eotaxin, and interleukin-1␤ occurred only in mice having LT-sensitive M. However, while iNOS knockout C57BL/6J mice having LT-sensitive M were much more susceptible to LT than the knockout mice with LT-resistant M, a comparison of susceptibilities to LT in the larger set of inbred mouse strains showed a lack of correlation between M sensitivity and animal susceptibility to toxin. For example, C3H/HeJ mice, harboring LT-sensitive M and having the associated LT-mediated cytokine response, were more resistant than mice with LT-resistant M and no cytokine burst. Toll-like receptor 4 (Tlr4)-deficient, lipopolysaccharide-nonresponsive mice were not more resistant to LT. We also found that CAST/Ei mice are uniquely sensitive to LT and may provide an economical bioassay for toxindirected therapeutics. The data indicate that while the cytokine response to LT in mice requires M lysis and while M sensitivity in the C57BL/6J background is sufficient for BALB/cJ-like mortality of that strain, the contribution of M sensitivity and cytokine response to animal susceptibility to LT differs among other inbred strains. Thus, LT-mediated lethality in mice is influenced by genetic factors in addition to those controlling M lysis and cytokine response and is independent of Tlr4 function.
Anthrax lethal toxin (LT), a major virulence factor of Bacillus anthracis, consists of two polypeptides, lethal factor (LF) and protective antigen (PA). PA binds to receptors and translocates LF (a protease) into the cytosol (10) . LT injection into animals is sufficient to induce symptoms of anthrax (1-3, 7, 8) . We recently showed that LT injection in mice results in death through cytokine-independent mechanisms involving vascular collapse and resultant hypoxia (12) .
Macrophages (M) from certain inbred strains of mice are uniquely sensitive to rapid lysis by LT, while those from other strains are resistant (4) . Three polymorphisms in the LT susceptibility locus (kinesin gene Kif1C on mouse chromosome 11) correlate with M sensitivity to LT (17) . Early studies showing that LT-induced death was more rapid in inbred CBA/J mice harboring LT-sensitive (LT s ) M than in A/J mice harboring LT-resistant (LT r ) M suggested a correlation between M sensitivity and animal susceptibility (18) . Studies by Hanna et al. implicated M sensitivity in LT toxicity by showing that depleting BALB/cJ mice of LT s M made them LT r (5) . However, new studies comparing BALB/c and DBA/2 mice showed that two additional loci on mouse chromosome 11 contribute to LT susceptibility (11) . Recent studies suggest that M sensitivity to LT may not have the importance previously ascribed to it (12) . LT kills both BALB/cJ and C57BL/6J mice, harboring LT s M and LT r M, respectively, although BALB/cJ mice succumb more rapidly to toxin. Hematological analyses of LT-treated mice show that circulating monocytes and M are depleted beginning at 2 h after toxin treatment in BALB/cJ mice, correlating with the lysis induced by LT, and this depletion is complete by 10 h (12). In contrast, C57BL/6J circulating mononuclear cells increase in number after LT treatment (12) . Both strains, however, succumb to toxin through similar processes. Histological analyses showed similar pathological manifestations of hypoxia and circulatory collapse in both strains, with these events delayed by 48 to 60 h in the C57BL/6J mice (12) . The mice showed none of the classic hallmarks of septic shock. Although the early studies cited above suggested that tumor necrosis factor alpha (TNF-␣) production by LT s M could play a role in inducing shock-like symptoms of anthrax (5), we found no induction of this cytokine in either BALB/cJ or C57BL/6J mice (12) . Additionally, assessment of over 50 other chemokines and cytokines showed a rapid but transient induction of a small group of factors strictly in the BALB/cJ mice. These factors (which include KC, JE/MCP-1, MIP-2, eotaxin, and interleukin-1␤ [IL-1␤]) were induced within 2 h of toxin injection, peaked at 6 to 12 h after injection, and were no longer present at 24 h (12) . Exclusive induction of these factors in BALB/cJ mice led us to hypothesize that M sensitivity (lysis) may be required for their induction and that inbred mice with LT s M die more rapidly due to cytokine-mediated exacerbation of M-independent, LT-mediated pathological processes. In this report we present data indicating that M lysis causes and is required for the rapid, transient induction of cytokines. While this lysis and the associated cytokine cascade are sufficient for normally resistant C57BL/6J mice to show the same rapid mortality as BALB/cJ mice, they are not predictive of LT susceptibility among a larger set of mouse strains. Rather, animal susceptibility to LT is influenced by factors in addition to and independent of M sensitivity and cytokine induction.
RESULTS
LT susceptibility phenotypes of M from two types of iNOS knockout mice. Peritoneal M from BALB/cJ mice are rapidly lysed by LT, whereas M from C57BL/6J are completely resistant (14) . To assess the role of iNOS in LT-mediated M lysis, we tested M from TAC iNOS KO mice. Remarkably, TAC iNOS KO M were sensitive to toxin, whereas M from their C57BL/6NTac parents and the similar C57BL/6J strain were, as expected, LT r ( Fig. 1, top panel) . Extensive investigations into the possible role of iNOS in LT toxicity could not establish any link between LT sensitivity of M and iNOS inhibition or NO induction. It was then found that in contrast to the M of the TAC iNOS KO mouse, M from the presumed identical JAX iNOS KO mouse and its C57BL/6J parent were both LT r (Fig. 1, top panel) . The presence of the LT sensitivity locus (Kif1C) on mouse chromosome 11 in proximity to the iNOS gene led us to suspect that the N5 backcrossed TAC iNOS KO mice retained the Kif1C toxin sensitivity allele (17) of the 129 J1 founder iNOS KO mice. Sequencing of this gene in both types of iNOS KO mice showed that a majority of TAC iNOS KO mice carried one or two alleles having a Kif1C polymorphism associated with M sensitivity to LT, whereas the JAX iNOS KO mice were all homozygous for the resistance allele (Fig. 1, bottom panel) . Because the Kif1C polymorphism is known to be dominant for sensitivity (17) , any mice with a C3T mutation in even one copy of Kif1C, leading to a P3L amino acid change, were expected and subsequently confirmed to have LT s M. These two highly similar and essentially isogenic KO mice in the C57BL/6 background, one with LT s M and the other with LT r M, were recognized as offering a unique model for directly assessing the role of M sensitivity in cytokine induction and LT toxicity. Genotyped and age-matched TAC iNOS KO mice harboring one or both LT s alleles (hereafter referred to as TAC iNOS KO-C/T, indicating heterozygous alleles, or as TAC iNOS KO-T/T, indicating homozygous alleles) were both confirmed to have sensitive M and were used as models for C57BL/6 mice with sensitive M. TAC-iNOS KO mice homozygous for the LT resistance allele (hereafter referred to as TAC iNOS KO-C/C) and JAX iNOS KO mice were used as controls having resistant M in the C57BL/6J background.
LT-induced cytokine production in TAC iNOS KO and JAX iNOS KO mice. We tested the hypothesis that M sensitivity to lysis by LT is required for the rapid, transient cytokine induction observed in BALB/cJ but not C57BL/6J animals (12) . KC, JE/MCP-1, IL-1␤, eotaxin, MIP-2, and TNF-␣ in serum were measured at 0, 2.5, 6, 9, 18, 24, 48, 72, and 96 h after LT or PBS injection into TAC iNOS KO-T/T (LT s M) or JAX iNOS KO (LT r M) mice. TAC iNOS KO-T/T (LT s M) mice mounted a remarkable induction of each factor except TNF-␣ (Fig. 2) . The response peaked at around 9 h for each factor except IL-1␤, which peaked at 2.5 h and rapidly declined by 6 h after injection (Fig. 2) . By 12 to 18 h all factors except JE/MCP-1 were no longer measurable in serum. The iNOS KO mice with LT r M did not show any cytokine response. LT-induced cytokine production in other inbred mice. To confirm that cytokine production required LT-mediated M lysis, we compared a number of different inbred mice having either LT r or LT s M to the TAC iNOS KO-T/T (LT s M) and JAX iNOS KO (LT r M) mice. AKR/J, A/J, and DBA/2J mice harbor LT r M, whereas C3H/HeJ, CAST/Ei, and CBA/J mice have LT s M. BALB/cJ (LT s M) and C57BL/6J (LT r M) mice have previously been shown to be cytokine-producing and nonresponsive strains, respectively (12) . Additionally lysis of circulating M occurs in vivo in mice harboring LT s M, as shown by their depletion in BALB/cJ mice as early as 2 h after LT administration, while C57BL/6J circulating mononuclear cells increase in number with LT treatment (12) . The results clearly indicate that the cytokine production previously seen in the BALB/cJ mice also occurs in all other strains harboring sensitive M but in none of the strains with LT r M. We conclude that M lysis is a requirement for induction of KC, JE/MCP-1, MIP-2, and eotaxin and for release of IL-1␤ (Fig. 3) . A limited number of samples for fewer time points from each strain were also tested for G-CSF and TNF-␣. G-CSF production was associated with LT s M only in BALB/cJ and TAC iNOS KO-T/T (LT s M) mice (data not shown). TNF-␣ production was not observed in any mouse (data not shown). Among strains producing LT-mediated cytokines, CBA/J mice consistently had the lowest response and TAC iNOS KO mice had the highest (Fig. 3) . As previously observed (12) , all factors were induced by 2.5 h, peaked at 6 to 12 h, and were not measurable by 24 h, with the exception of JE/MCP-1. Because the LT-induced IL-1␤ increase is not accompanied by mRNA synthesis (12), we suggest that it must occur by lysisinduced release of intracellular stores. Testing for early appearance of factors was done by sampling sera at 30, 60, 90, 120, and 150 min after LT injection. Only IL-1␤ achieved 40% of its maximal release by 30 min (data not shown). All other factors were at Ͻ15% of their maximal levels even 90 min after LT treatment. Rapid increases in factors were seen after 120 min (data not shown).
Role of M sensitivity and associated cytokine response in animal susceptibility to LT. We investigated the correlation between M sensitivity to LT and animal susceptibility to
, and TAC iNOS KO-C/C (LT r M) mice were injected i.p. with 100 g of LT. AKR/J (LT r M) and CAST/Ei (LT s M) mice were injected with 5 g of LT/g of body weight, as they had weights of above 25 g (AKR/J) or below 15 g (CAST/Ei) when age matched to the other mice. We also tested the mutant B6C3Fe-a/a-Csfm op (Op/Op) mice, which have a spontaneous knockout of the gene for CSF-1 and are considered M deficient due to severe monocytopenia and marked reduction and abnormal differentiation of tissue M (19) . Figure 4A shows that knocking out the iNos gene had no significant effect on the susceptibility of C57BL/6 mice when the Kif1C gene was homozygous for the LT resistance allele (P ϭ 0.7166 by log rank test comparing C57BL/6NTac and TAC iNOS KO-C/C, and P ϭ 0.6980 by log rank test comparing C57BL/6J and JAX iNOS KO). However, the TAC iNOS KO mice heterozygous for the sensitivity allele had a susceptibility indistinguishable from that of the prototype sensitive BALB/cJ strain (P ϭ 0.980 by log rank test), indicating that M sensitivity in the C57BL/6J background was sufficient to exacerbate M-independent LT-mediated events so as to confer a BALB/cJ-like mortality (Fig. 4A) . Surprisingly, however, M sensitivity and the associated cytokine production did not correlate with LT susceptibility in other strains 4B) . Although some cytokine-responsive mouse strains harboring LT s M had greater susceptibility to toxin, there were distinct exceptions. C3H/HeJ mice had a significantly higher degree of resistance than most strains harboring LT r M when compared to BALB/cJ mice (P ϭ 0.0001 for C3H/ HeJ compared to BALB/cJ; P ϭ 0.0010 for C57BL/6J compared to BALB/cJ) (Fig. 4B ). There was no statistical significance in the differences between CBA/J mice (LT s M) and A/J mice (LT r M) (P ϭ 0.4706 by log rank test) or between CBA/J and C57BL/6J mice (P ϭ 0.7250 by log rank test). The only entirely LT r strain was DBA/2J. CAST/Ei mice were uniquely susceptible to the toxin. Comparison of this strain to BALB/cJ showed that the 50% lethal dose (LD 50 ) for CAST/Ei mice was fivefold lower than that for BALB/cJ mice (Fig. 5) . The M-deficient Op/Op mice showed a rapid early mortality similar to that of BALB/cJ mice, but a higher number of these mice survived LT treatment (Fig. 4B) . Although the two most resistant strains had LT r M and the two most susceptible strains had LT s M, and despite the BALB/cJ-like mortality seen with the TAC-iNOS KO-C/T mice, a correlation between mouse susceptibility and M sensitivity was not evident within the entire set of strains.
Role of Tlr4 in susceptibility to LT. The most resistant strain harboring LT s M was the C3H/HeJ lipopolysaccharide (LPS)-nonresponsive strain. This strain has a point mutation in Toll-like receptor 4 (Tlr4), the endotoxin receptor. Recent studies show that LPS pretreatment sensitizes C57BL/6J M to LT (6, 13) . Although the C3H/HeJ strain already harbors LT s M and it was unlikely that sensitization of its M due to LPS played a role in its increased resistance, we decided to test the potential role of an LPS-nonresponsive state in LT susceptibility. We measured the LT sensitivity of the LPS-responsive control C3H/HeOuJ mice compared to that of C3H/HeJ mice and the sensitivity of two other Tlr4 KO strains and their parental strains. The BALB/cJ congenic C.C3H-Tlr4 mouse, harboring the same point mutation as the C3H/HeJ strain, was compared to its BALB/cJ LPS-responsive control. C57BL/ 10ScN mice have a deletion of the Tlr4 gene that results in the absence of both mRNA and protein. The LPS-responsive control for these mice is the C57BL/10J strain. There were no statistically significant differences in susceptibility between any of the Tlr4 mutant mice and their LPS-responsive controls (Fig. 6) . The contrast between the BALB/cJ-C.C3H-Tlr4 pair and the other four strains was the only statistically significant difference, indicating that Tlr4 function does not play a role in LT susceptibility.
Role of M sensitization in LT-mediated toxicity. As noted above, recent reports have indicated that LPS or TNF pretreatment of C57BL/6J M sensitizes them to LT (6, 13) . To see whether LT treatment of C57BL/6J mice sensitizes their M, FIG. 3 . LT-induced cytokine production in inbred mice. Cytokine profiles for BALB/cJ, C57BL/6J, C3H/HeJ, CBA/J, DBA2/J, A/J, and AKR/J mice compared to TAC iNOS KO and JAX iNOS KO mice at intervals after injection of PBS or LT (100 g) are shown. Results for all time points were collected for all strains, except for the 72-and 96-h time points, which were assessed only for selected strains. ELISA determinations were done with sera pooled from two or three mice for each time point and treatment.
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we isolated M from LT-injected C57BL/6J mice every 24 h and measured M sensitivity. C57BL/6J M remained resistant at all times after toxin injection (data not shown). However, while M from C57BL/10ScN mice were similarly resistant to LT treatment, we were surprised to find that the immortalized Tlr4-deficient M line 23 ScCR[10ScNCr/23], derived from the same mouse, is completely sensitive to LT. This M line is known to produce TNF-␣, which is sufficient to sensitize resistant C57BL/6J M to LT (6), explaining this cell line's sensitivity.
DISCUSSION
This study exploited the serendipitous discovery that iNOS knockout mice in the C57BL/6J background available from two different sources differed absolutely in the sensitivity of their peritoneal M to lysis by LT. We showed that most TAC iNOS KO mice retained one allele encoding the dominant M sensitivity allele of Kif1C (37.0 cM, chromosome 11) located near the iNOS locus (45.6 cM, chromosome 11). We genotyped and thereby identified iNOS knockout mice that were heterozygous for the Kif1C allele. The two types of mice differing in the Kif1C gene and therefore in M sensitivity to lysis provided a unique opportunity to assess the contribution of M sensitivity to LT function in mice. We had shown previously that C57BL/6J mice, which normally harbor LT r M, are more resistant to LT treatment than BALB/cJ mice, which have LT s M (12). We also showed that rapid induction of a panel of cytokines, including KC, JE/MCP-1, MIP-2, eotaxin, G-CSF, and release of IL-1␤ in response to LT, occurred only in FIG. 4 . LT-mediated mortality in inbred mice. Survival of mice injected with 5 g of LT/g was monitored. Survival percentages are based on the following numbers for each strain: C57BL/6J, n ϭ 60; BALB/cJ, n ϭ 60; TAC iNOS KO-CT (sensitive M), n ϭ 18; TAC iNOS KO-CC (resistant M), n ϭ 15; JAX iNOS KO, n ϭ 35; C57BL/6NTac, n ϭ 18; Op/Op, n ϭ 10; CAST/Ei, n ϭ 26; AKR/J, n ϭ 10; C3H/HeJ, n ϭ 47; CBA/J, n ϭ 30; DBA/2J, n ϭ 37; and A/J, n ϭ 30. The BALB/cJ and C57BL/6J data from panel A are replotted in panel B for comparison to other strains. R and S indicate that the mouse strain has LT r or LT s M, respectively.
BALB/cJ mice (12) . In this study we tested the hypothesis that the cytokine response seen in BALB/cJ mice required LTinduced M lysis. This was done by comparing the response of the TAC iNOS KO mice having the heterozygous Kif1C alleles (and LT s M) with that of mice having homozygous Kif1C toxin resistance alleles (and LT r M). The cytokine response clearly required M sensitivity. M are not the source of the released cytokines, however, with the exception of IL-1␤ (12) . It seems the lysis of M induces synthesis of the factors by a variety of other cell types and organs (12) . Our analysis of seven additional inbred strains with LT s M and LT r M confirmed that the cytokine response required M sensitivity.
Because BALB/cJ mice die more rapidly and in higher numbers than C57BL/6J mice, we investigated the contribution of M lysis and cytokine production to LT susceptibility in the C57BL/6J mouse. The exacerbation of toxic events by M lysis and cytokine release was clear in the C57BL/6J mice harboring LT s M. In the C57BL/6J background, we showed that knockout of iNOS alone had no significant effect on susceptibility to LT in either knockout model when LT r M were present, while the presence of the Kif1C sensitivity allele (and thus M sensitivity to lysis) in the iNOS KO background was sufficient to confer a sensitivity identical to that of BALB/cJ mice. Although this result seems to indicate that a single locus is sufficient to determine animal susceptibility, a recent study comparing recombinant congenic mice with segments of chromosome 11 derived from resistant DBA/2 and sensitive BALB/c mice shows that susceptibility to LT in those mice is linked to two additional loci on chromosome 11, Ltxs2 (35 to 37 cM) and Ltxs3 (45 to 47 cM) (11) . The authors postulated that iNOS could potentially be Ltxs3. In our studies, the knockout of iNOS had no effect on mortality in the C57BL/6J background, and a single Kif1C sensitivity allele was sufficient for anthrax susceptibility in iNOS-deficient mice. Sequencing and/or functional analysis of the iNOS locus (or of any other potential Ltxs3 candidate) in C57BL/6J and BALB/cJ mice may, however, show that both strains carry the same Ltxs3 allele as DBA/2J mice, explaining the apparent lack of contri-FIG. 5. LT susceptibilities of BALB/cJ and CAST/Ei mice. Three doses of LT were compared in BALB/cJ (n ϭ 6) or CAST/Ei (n ϭ 6) mice. Survival of mice injected with 5, 2.5, or 1 g of LT/g of body weight was monitored every 12 h postinjection.
FIG. 6. LT-mediated mortality in Tlr4 mutant mice. Survival of BALB/cJ, C.C3-Tlr4, C57BL/10J, C57BL/10ScN, C3H/HeOuJ, C3H/HeJ, and C57BL/6J mice injected with 100 g of LT was monitored every 12 h postinjection. Survival percentages are based on 22 mice for all strains except C.C3-Tlr4, C57BL/10ScN, and C57BL/10J (n ϭ 10). No statistically significant differences were found between any of the Tlr4 mutant mice and their LPS-responsive controls (BALB/cJ versus C.C3-Tlr4, P ϭ 0.7075; C57BL/10J versus C57BL/10ScN, P ϭ 0.9070; C3H/HeOuJ versus C3H/HeJ, P ϭ 0.9911). All P values were calculated by the log rank test.
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on June 30, 2017 by guest http://iai.asm.org/ bution of iNOS to their relative susceptibilities. Similarly, the Ltxs2 allele is likely to be the same susceptible allele in C57BL/6J and BALB/cJ mice, because the high resistance seen in DBA/2 mice (which is almost absolute, in striking contrast to the moderate resistance of C57BL/6J mice) was shown to require the presence of the resistance alleles at all three loci (11) . The presence of resistance alleles at only one of these three loci (Ltxs1/Kif1c) in C57BL/6J would be in agreement with the mortality we observe in DBA/2J, BALB/cJ, and C57BL/6J mice. Complete analysis of the contributions of the Ltxs loci to LT susceptibility will require identification of the genes and their functionally significant polymorphisms. The relative contributions of each of these identified LT mouse susceptibility loci and of other potential loci may differ widely among different inbred mice. While M resistance clearly explains the higher resistance of the C57BL/6J mouse compared to the BALB/cJ mouse, our comparison of many different inbred strains with sensitive and resistant M showed that certain strains with LT s M and a strong cytokine response are more resistant than strains harboring LT r M (e.g., C3H/HeJ versus C57BL/6J mice). This suggests that M lysis and the cytokine burst can exacerbate lethality in certain mice (e.g., C57BL/6J) but do not play a direct role in lethality caused by LT. Alternatively, other resistance loci in the C3H/HeJ and CBA/J mice may contribute to their higher resistance despite the sensitivity of their M to lysis. It is unlikely that Ltxs2 is such a locus, because resistance alleles at Ltxs2 in combination with sensitivity alleles at the other two LT susceptibility loci result in 80% mortality (11) . Ltxs3 or additional loci may represent better candidates for resistance alleles in these mice.
Interestingly, the Op/Op mutant mouse, which have very low numbers of mononuclear cells and are considered M deficient (19) , resembled BALB/cJ mice in their initial rate of dying and resembled C57BL/6J mice in their final mortality. These mice also clearly indicate that M sensitivity (to lysis by LT) is not necessarily correlated with the rate of animal death. Op/Op mice are TNF-␣ deficient and IL-1␤ response deficient and have increased resistance to endotoxin and septic shock (15) , consistent with our previous evidence that TNF-␣ is not involved in LT toxicity to mice (12) . The lack of an IL-1␤ response in these mice and their rapid BALB/cJ-like death indicate that factors other than cytokine response contribute to their higher susceptibility.
Therefore, although LT s M are not necessary for LT toxicity in mice, they are sufficient to make some strains (C57BL/ 6J) more susceptible to LT. Other genetic elements, however, contribute at a higher degree in other mice, as comparison of the C3H/HeJ or CBA/J (LT s M) with A/J or C57BL/6J (LT r M) mice makes clear. Whether the three currently identified loci on chromosome 11 will be sufficient to explain the high resistance of C3H/HeJ mice remains to be seen. It will be interesting to see if the C3H/HeJ mouse, which carries a sensitive Ltxs1 allele, has resistant alleles at both Ltxs2 and Ltxs3, allowing it to overcome the consequences of M lysis. One factor that might be expected to influence toxin susceptibility is responsiveness to LPS. Recent reports indicated that endotoxin or TNF treatment sensitizes LT r C57BL/6J M (6, 13). Although the relatively LT r , LPS-nonresponsive C3H/HeJ strain has LT s M, we considered that LPS responsiveness might possibly affect LT susceptibility in this animal through other loci. We compared LT mortalities in this strain and its LPS-responsive control, C3H/HeOuJ, and found no significant difference. We also tested the LPS-nonresponsive, Tlr4-deficient C57BL10/ScN mouse and its LPS-responsive parent C57BL/10J, both of which have LT r M, as well as the C.C3-Tlr4 knockout mouse and its BALB/cJ LT-susceptible parent, both with LT s M. No statistically significant differences in LT susceptibility were found between Tlr4 knockout mice and their parents, demonstrating that Tlr4 function does not play a role in LT susceptibility. The C.C3-Tlr4 knockout clearly shows that other factors in the BALB/cJ background contribute to markedly greater LT susceptibility independent of Tlr4 and Kif1C function.
Although BALB/cJ mice had been shown to be susceptible to LT (5), very few studies have compared susceptibilities of different inbred strains to LT. One study compared A/J and CBA/J mice, representing LT r M-and LT s M-containing mice, respectively (18) . Although LD 50 s and cumulative mortalities for both strains were similar, CBA/J animals died more rapidly (18) . In our studies we find no significant difference between these strains and no more than 60% mortality in either at the LT dose used. LT was administered intravenously (i.v.) in the previous studies and i.p. in our study. Our comparison of i.v. and i.p. routes of LT injection in mice showed that a 50-g dose killed more rapidly when given i.v. versus i.p., but this difference disappeared at the 100-g dose (12) . Interestingly, the LD 50 s of toxin reported for A/J and CBA/J mice in the earlier study (11.0 g of PA and 2.2 g of LF for A/J mice and 12.4 g of PA and 2.5 g of LF for CBA/J mice) are doses at which we see no mortality in these mice or even in the more susceptible BALB/cJ strain (12) . A dose of 25 g of LT (25 g of PA and 25 g of LF) does not kill A/J or CBA/J mice when administered by the i.p. route (data not shown). Other recent reports also showed no mortality in BALB/cJ mice administered 50 g of PA and 10 g of LF (11) and a very prolonged time for 100% mortality (9 days) in BALB/cJ mice treated with 125 g PA and 25 g LF. These apparent differences in LT potency in mice may be due to variations in toxin preparations.
The high susceptibility of CAST/Ei mice to LT is very interesting. This strain is genetically distant from most other classical inbred strains, with the largest variation in single sequence repeats from classical inbred strains, reaching 98% with C57BL/6J mice. It also ranks at the extremes on the scales of 80% of the behavioral and phenotypic characteristics by which numerous inbred strains have been compared (9) . A survey of the mouse phenome database (http://aretha.jax.org /pub-cgi/phenome/mpdcgi?rtn ϭ docs/home) also indicates that this strain has a very high rank as an outlier for many measurements. Understanding CAST/Ei hypersensitivity to LT is an interesting future area of study which will no doubt yield additional loci controlling toxin susceptibility. In addition, this mouse may offer a convenient bioassay for testing antitoxin therapies because of the lower lethal toxin dose and more rapid death.
The results presented in this paper establish that M sensitivity to lysis by LT is not required for whole animal sensitivity to toxin and does not necessarily correlate with relative animal susceptibility to LT, but it can certainly exacerbate toxin susceptibility in some inbred strains. Although TNF-␣ and LPS responsiveness do not play a direct role in LT toxicity, the sensitization of M to LT by these factors could clearly exacerbate toxicity were they to be present, as might occur during an infection. A rapid transient cytokine response is associated with LT-induced M lysis but does not necessarily correlate with higher animal susceptibility to toxin. This could indicate that M play a relatively minor role in LT pathology, less than has been attributed to them, or that other resistance loci usually have a more dominant role, obscuring any contribution of M. Ultimately, understanding the mechanism of LT-induced toxicity will be crucial in providing clues to strain-based differences, which are clearly more complicated than previously recognized.
